rates of over 90% within 5 d at temperatures between 9 and 18ЊC in an acid podzolic soil. Tomar and Soper
stantinides and Fownes, 1994; Aulakh et al., 2000) , C/N ratio (Aulakh et al., 2000; Trinsoutrot et al., 2000; Rowell et al., 2001) , lignin/N ratio (Melillo et al., 1982; Con- N itrogen availability from applied N sources must stantinides and Fownes, 1994; Kumar and Goh, 2003) , be known for efficient management of N inputs. and polyphenol content (Fox et al., 1990 ; Palm and SanBecause N release process of organic N sources involves chez, 1991; Constantinides and Fownes, 1994 ). a biological decomposition, the N availability is conSoil moisture and temperature are the major environtrolled by chemical composition (Fox et al., 1990 ; Ajwa mental factors affecting N availability from organic N et al., 1998; Rowell et al., 2001; Kumar and Goh, 2003) sources. Because urea is readily soluble in water, urea and soil environment (Sims, 1986; Vigil and Kissel, 1995;  hydrolysis is largely dependent on diffusion of dissolved Seneviratne et al., 1998; Whalen et al., 2001 ; Cookson urea in soil (Sadeghi et al., 1989) . Urease activity is et al., 2002) . Thus, it is difficult to predict the pattern generally highest near field capacity and declines as soil and amount of available N released from organic N moisture decreases (Vlek and Carter, 1983 ; Sahrawat, sources during the growing season. Sufficient N is neces-1984) . Urea hydrolysis is also accelerated with increassary for optimum crop production, whereas excessive ing temperature as urea diffusion rate in soil is positively fertilization will increase the cost of production and the correlated with temperature (Pang et al., 1977 ; Sadeghi risk of nitrate leaching. From a management standpoint, et al., 1988) . Urease activity increases in relation to it is important to understand how chemical composition temperature with maximum urea hydrolysis occurring and soil environment influence availability of N from between 60 and 70ЊC (Overrein and Moe, 1967; Sahraorganic N sources. wat, 1984; Moyo et al., 1989; Lai and Tabatabai, 1992) . Availability of N from organic N sources varies con- MacLean and McRae (1987) reported that 52, 67, 80, siderably. For example, urea [CO(NH 2 ) 2 ], a synthetic and 93% of urea was hydrolyzed at 4, 9, 13, and 18ЊC, organic N fertilizer, is rapidly hydrolyzed to ammonium respectively, after 3 d of incubation. (NH 4 ϩ ) by the enzyme urease after being applied to soil.
Mineralization of natural organic materials is mediMacLean and McRae (1987) found rapid hydrolysis ated by heterotrophic bacteria and fungi. Soil moisture regulates oxygen diffusion in soil with maximum aerobic microbial activity occurring at soil moisture levels be- Table 1 . Chemical and physical properties of soils used in this study. Schjønning et al., 2003) , microbial mobility (Killham et al., 1993) , and intracellular water potential (Csonka, 1989 al. Zak et al., 1999 ). An increase in temperature ‡ Soil ( also induces a shift in the composition of microbial communities (Richards et al., 1985; Carreiro and Koske, 1992) , which parallels an increase in microbial activity the incubation was initiated to minimize disturbance of the (Zogg et al., 1997) . Griffin and Honeycutt (2000) incumicrobial population (Pramer and Bartha, 1972; bated soil amended with dairy, poultry, and swine ma-1999 and 60% of the total N in clover residues was mineralmeasured with a combination reference/glass pH electrode ized at 2, 5, 10, and 15ЊC, respectively, after 160 d of incuusing 5 g of soil, 5 mL of water, and 10 mL of SMP buffer bation. (Watson and Brown, 1998 and (ii) determine if soil moisture and temperature effects Organic C content was determined by dry combustion using on N release vary among the organic N sources.
a Leco carbon analyzer (Leco Corp., St. Joseph, MI). Organic matter (OM) content was estimated by multiplying the organic C content by 1.72 (Combs and Nathan, 1998) . The unground
MATERIALS AND METHODS
soil samples dried at 38ЊC for 48 h and passed through a 2-mm Soil sieve were used for particle-size analysis. Soil particle-size distribution was estimated by the hydrometer method (Gee The soil used in this study was a Granby sandy clay loam and Bauder, 1986 incubation experiment that used the same procedure as in The chemical properties of these N sources are listed in this study. Table 2 . To facilitate uniform distribution in the soil, urea was
In the soil moisture study, the samples were treated with ground to be in powder form, and AP and CM were ground to distilled water to provide 50, 70, and 90% WHC, and were pass through a 1-mm sieve before use. Since BM was originally randomly placed in an incubation chamber set at 20/15ЊC day/ powdered, it was used without grinding. The pH (5 g N night (14/10 h). In the temperature study, the samples were material:10 mL water), total C, total N, NH 4 ϩ -N, and NO 3 Ϫ -N treated with distilled water to provide 70% WHC, and were were determined by the same procedures used for soil. Lignin randomly placed in the incubation chambers set at 15/10, 20/15, content was determined by the acid detergent fiber method and 25/20ЊC day/night (14/10 h). (Goering and Van Soest, 1970) . Total P, K, Ca, and Mg conIncubation was performed in dark condition. The flasks tents were measured by a direct current plasma atomic emiswere covered with parafilm to retard moisture loss from the sion spectrophotometer following dry ashing at 500ЊC and samples. Soil moisture was adjusted every week by weighing digestion with 3 M HNO 3 containing 1000 ppm of LiCl. Dry the samples and adding the required amount of distilled water matter weight was determined by oven drying samples at 105ЊC when the loss was greater than 0.05 g. Soil samples with no for 24 h. All analyses were performed in duplicate.
N source were incubated as a control to estimate soil N mineralization and subtract from the treatments to be able to esti- -N contents were determined in samTreatments consisted of a factorial combination of three soil ples extracted with 50 mL of 1 M KCl added directly to the moisture levels (50, 70, and 90% WHC) , five N sources (conflask immediately after incorporation of each N source. After trol, urea, AP, BM, and CM), and six incubation times (0, 1, 1, 2, 4, 8, and 12 wk of incubation, samples were removed 2, 4, 8, and 12 wk).
Experimental Design
from the growth chambers and extracted with 50 mL of 1 M The experimental design for the temperature study was a KCl for determination of NH 4 ϩ -and NO 3 Ϫ -N contents. The split-plot design with temperature designated as a main-plot. NO 2 Ϫ -N concentration was assumed to be insignificant; howTreatments consisted of a factorial combination of three temever, any NO 2 Ϫ -N present was included in the mineralized N perature levels [15/10, 20/15, and 25/20ЊC day/night (14/10 h)], pool labeled as NO 3 Ϫ -N. The extracts were analyzed within a five N sources (control, urea, AP, BM, and CM), and six week after extraction, otherwise they were stored at Ϫ20ЊC incubation times (0, 1, 2, 4, 8, and 12 wk). The temperature until the analysis was performed. levels were assigned randomly to three incubation chambers
The cumulative amount of N mineralized from soil OM at and the experiment was conducted in two runs (during June time t, (N min ) control , was calculated from Eq. 
provided two replications for temperature effect. Within each All numbers are in the units mg N kg Ϫ1 soil. temperature, N source and incubation time were designated as The cumulative amount of N released from an applied N subplots, and each combination of subplot factors was assigned source at time t, (N rel ) N source , was calculated from Eq.
[3]. randomly to three experimental flasks.
Twenty grams dry weight equivalent of moist soil (10% w/w) All numbers are in the units mg N kg Ϫ1 soil. The cumulative was placed in 125 mL Erlenmeyer flasks. Urea, AP, BM, and amount of NH 4 ϩ -N or NO 3 Ϫ -N released from an applied N CM were mixed with the soil at the rate of 63, 100, 92, and 150 mg N kg Ϫ1 soil (oven dry basis), respectively. The applicasource at time t was calculated in a same manner. all soil moisture and temperature levels ( In the urea treatment, a rapid N release occurred with REPEATED/GROUP was used to account for unequal variover 75% of urea hydrolyzed in the first week (Table 3 ances. When statistically significant differences existed accordand 4). The rate of hydrolysis in Weeks 2 through 12
ing to ANOVA (P Ͻ 0.05), treatment means were separated uswas very slow. Over 90% of urea was hydrolyzed at the ing the PDIFF option of LSMEANS, and then compared using pairwise t test at ␣ ϭ 0.05.
end of incubation (Table 3 ) is the zero-order rate constant. Significant differences among slopes, k, were 
N, from four organic N sources incubated in soil at different
Nitrogen release from the organic N sources was fit to a temperatures. † first-order model (Stanford and Smith, 1972) Three different patterns of N release were shown † Means in a column followed by the same letter are not significantly different according to t test at ␣ ϭ 0.05.
in both soil moisture and temperature studies. In the through 12 ( Fig. 2 and 3 ). This indicates that the organic CM (7.22) ( Table 2) . Second, it is suggested that N in N fraction in the natural organic materials is composed lignin fraction is resistant to mineralization as lignin/N mainly of unstable forms that are readily mineralizable ratio is negatively correlated with mineralization rate and stable forms that are more resistant to mineraliza- (Melillo et al., 1982; Constantinides and Fownes, 1994 ; tion. The mineralization rate in the rapid and slow Kumar and Goh, 2003) . The lignin/N ratio was higher phases varied among N sources. Although mineralizawith AP (2.63) than with CM (0.62), whereas BM, being tion occurred most rapidly in the first week, mineralizaan animal tissue, does not contain lignin (Table 2 ). This tion rate was slower with AP than with BM and CM explains the slow N release from AP in the initial phase (Table 3 and 4). During the slow mineralization phase, of incubation. On the other hand, the majority of N in AP and BM showed a steady N release until the end BM is present in protein (Ciavatta et al., 1997) , which of incubation, whereas CM showed a relatively slow N is apparently more readily mineralized. It is also recogrelease with a plateaued phase in Weeks 8 through 12
nized that chicken manures contain urea and uric acid (Table 3 and 4). Net N released from AP, BM, and CM that are readily mineralizable (Gordillo and Cabrera, averaged 43.7, 57.3, and 40 .7%in the soil moisture study, 1997; Havlin et al., 1999; Qafoku et al., 2001 ). However, respectively (Table 3) , and 46.8, 58.9, and 42.7% in the neither C/N ratio nor lignin/N ratio could explain the temperature study, respectively (Table 4) . nearly same N supplying capacity of AP and CM. This Differences in N release pattern among AP, BM, and was probably due to the stabilization of OM in CM by CM could be explained by their chemical composition.
the composting process (Hsu and Lo, 1999 ; Eghball, First, C/N ratio has been identified as a good indica-2000; Hartz et al., 2000) . tor of N availability among various organic N sources
In addition to chemical composition, particle size plays (Mtambanengwe and Kirchmann, 1995; Aulakh et al., an important role in N mineralization as it affects the 2000; Trinsoutrot et al., 2000; Rowell et al., 2001) . The surface area of N source and contact with microorganhigh N supplying capacity of BM was indicated by its narrow C/N ratio (3.27) compared with AP (11.13) and isms. Since BM was originally powdered, its fine particle size may contribute to the more rapid N release from Although urea hydrolysis was somewhat suppressed BM compared with AP and CM.
at low soil moisture in the first week, it was significantly more rapid (Ͼ80%) than mineralization of the natural organic materials regardless of soil moisture (Table 3) .
Soil Moisture Effects on Nitrogen Release
It is recognized that urea hydrolysis is enhanced with In the soil moisture study, net cumulative N released increasing soil moisture, but optimal soil moisture for was significantly affected by N source, soil moisture, maximum urease activity varies among previous studies. incubation time, and all interactions (P Ͻ 0.05, data not For example, Sahrawat (1984) found that urease activity shown) except N source ϫ soil moisture interaction increased as soil moisture increased from an air-dried based on ANOVA.
state to field capacity in two semiarid soils (Alfisol and In the control, as mineralization proceeded after Vertisol). On the other hand, Dalal (1975) reported that Week 4, increasing soil moisture significantly enhanced maximum urea hydrolysis occurred at 50% WHC and mineralization (Table 5 ). Soil moisture regulates oxygen further increases in soil moisture reduced urease activity diffusion in soil and maximum aerobic microbial activity in Trinidad soils. Results in this study agreed with those occurs between 50 and 70% WHC (Linn and Doran, reported by Sahrawat (1984) to the extent that urea 1984; Franzluebbers, 1999) . In general, maximum minhydrolysis increased with increasing soil moisture to eralization of soil OM occurs in the same range, but near field capacity (90% WHC). The inhibition of urea some studies (Hopmans et al., 1980; Goncalves and Car- hydrolysis at low soil moisture may have been due to lyle, 1994) have suggested that the range could be up reduced urease activity or reduced diffusion of urea to 100% WHC. The mineralization kinetics was best throughout the soil thus limiting urea-urease contact. described by a linear function, and the mineralization During the 12-wk incubation, hydrolysis of residual urea rate according to a zero-order model was 0.567, 0.798, was almost complete, and there was no significant differand 0.880 mg N kg Ϫ1 wk Ϫ1 at 50, 70, and 90% WHC, ence in cumulative N released among soil moisture levrespectively (Fig. 1a) . Although the difference was not els in Weeks 8 through 12 (Table 3) . At the end of statistically significant between 70 and 90% WHC, soil incubation, net N released ranged from 91.2 to 95.5% N mineralization was most enhanced at 90% WHC.
( Table 3 ). For the range tested in this study, soil moisSlow mineralization rate at 50% WHC can be explained ture had a small influence on urea hydrolysis throughby a decline in microbial activity resulting from limited out incubation. diffusion of soluble substrates to microbes (Griffin, 1981;  Unlike urea hydrolysis, mineralization of the natural Schjønning et al., 2003) or reduced microbial mobility organic materials exhibited apparent responses to soil that limited access to substrates (Killham et al., 1993) . moisture. Among these N sources, AP and CM showed The net amount of N mineralized was 6.9, 9.9, and similar patterns, whereas BM was quite different (Fig. 2) . 11.3 mg N kg Ϫ1 at 50, 70, and 90% WHC, respectively During the first 2 wk, mineralization of AP and CM (Table 5) . These values demonstrate a high, although was not enhanced with increasing soil moisture, but not rapid, contribution of soil OM to crop production.
instead was reduced significantly at 90% WHC at Week Taking this into account is important for making the 2 (Table 3) . From Weeks 2 to 12, mineralization of appropriate N recommendation. Moreover, soil mois-AP and CM was enhanced in relation to soil moisture ture is clearly a factor to consider when estimating N supplied from soil OM during the growing season.
( Table 3) . At the end of incubation, increasing soil mois- ture from 50 to 90% WHC significantly increased net be calculated at 90% WHC because the results did not fit a first-order model. Since this model was originally N mineralized from AP and CM by 12 and 21% (4.7 and 11.1 mg kg Ϫ1 ), respectively (Table 5 ). The occurrence of proposed for soil N mineralization (Stanford and Smith, 1972) , the lack of fit for rapid urea hydrolysis may not both reduced and enhanced mineralization at high soil moisture has been reported in several other studies. be surprising. The N 0 values for urea and BM were constant across soil moisture levels, whereas those for Doel et al. (1990) incubated soil amended with white lupin at Ϫ0.30, Ϫ0.03, and Ϫ0.01 MPa for 198 d. Al-AP and CM showed a trend for an increase in relation to soil moisture (Fig. 2) . Water stress tends to reduce though initial immobilization was least at Ϫ0.30 MPa, greater net mineralization occurred at Ϫ0.03 and Ϫ0.01 microbial diversity, favoring the microbes best adapted to coping with the stress (Atlas, 1984; Botter, 1985 ; MPa than at Ϫ0.30 MPa. This was likely due to microbial activity being inhibited at low soil moisture throughout Schimel et al., 1999) . Thus, the increases in N 0 may be related to changes in composition of microbial commuincubation. De Neve and Hofman (2002) conducted a soil incubation study with fresh carrot leaves at soil nity, such that the microbial communities favored at high soil moisture have ability to metabolize substrates moistures ranging from 18 to 60% WHC. The mineralization rates at 45 to 60% WHC were relatively low in that are not utilized at lower soil moistures The N sources used in this study demonstrated conDays 0 through 16 but were high in Days 63 through 98 compared with those at 18 to 36% WHC. Since the trasting results in their N release patterns at different soil moistures. First, urea showed the least apparent added residues had a high water content (87% of fresh matter), the authors concluded that rewetting dry soil responses to soil moisture of all N sources used in this study. This was likely due to the rapid hydrolysis of to 45 to 60% WHC provided excessive water in the vicinity of the residues and inhibited microbial activity urea that diminished the effects of soil moisture before the first measurement was made. Second, mineralization during the initial phase of incubation. As soil moisture was distributed away from the residues, mineralization of AP and CM was enhanced by high soil moisture was enhanced at high soil moisture. However, those during the late phase of incubation, whereas that of BM explanations do not apply to this study, which did not was enhanced during the initial phase of incubation. show immobilization and used moist soil and dried N This clearly indicates that soil moisture effects on N sources. The explanation for our results may be that mineralization vary with chemical composition of N microbial communities responsible for the initial minersources. Incubation time is important for determination alization of readily mineralizable N and for the following of soil moisture effects on N availability from the organic mineralization of resistant N are different and are af-N sources. fected differently by soil moisture.
The negative effect of soil moisture on mineralization
Soil Moisture Effects on Nitrification
was not observed for BM. In the first week, the cumulaNitrification, as measured by NO 3 Ϫ -N production, octive amount of N mineralized from BM showed an incurred successively in all treatments (Table 5) . Nitrificacrease of 7.2 mg kg Ϫ1 at 90% WHC compared with tion was significantly affected by N source, soil moisture, 50% WHC (Table 5) , which was the greatest increase and incubation time based on ANOVA (P Ͻ 0.05, data throughout incubation. The positive effect of soil moisnot shown). ture on mineralization became gradually less noticeable
The NH 4 ϩ -N and NO 3 Ϫ -N contents in the control rewith incubation time, and there was no significant differflected the slow mineralization of soil OM and subence in cumulative N released among soil moisture levsequent nitrification. Whereas the NH 4 ϩ -N content reels after Week 8 (Table 3 ). This suggests that stable mained very low (Ͻ2.0 mg kg Ϫ1 ) throughout incubation, N in BM, which was mineralized in the late phase of the NO 3 Ϫ -N content increased slowly with incubation incubation, was not affected by soil moisture. At the time (Table 5) . Increasing soil moisture significantly end of incubation, net N released for BM ranged from increased NO 3 Ϫ -N production in Weeks 4 through 12 56.9 to 57.4% (Table 3) , demonstrating a significantly (Table 5 ). It is apparent that the limited NH 4 ϩ supply higher N supplying capacity compared with AP and CM, reduced NO 3 Ϫ -N production at low soil moisture. regardless of soil moisture. Since the percentage of N Addition of the organic N sources resulted in signifimineralized for AP and BM was less than estimated cant increases in both NH 4 ϩ -N and NO 3 Ϫ -N contents in from the preliminary study, more N was mineralized the first week (Table 5) . It has been reported that active from CM than from the other materials (Table 5) . Figure 2 illustrates the N release kinetics of the ornitrification of added NH 4 ϩ starts with a time lag of 4 to 10 d following rewetting of dry soil in several incubaganic N sources using a first-order model. The rate constant (k 0 ) and the size of mineralizable N pool (N 0 ) tion studies (MacLean and McRae, 1987; Mulvaney et al., 1997; Williams et al., 1998) . The occurrence of the reflected the effects of soil moisture on N release discussed above. Although the differences were not statistilag phase of NO 3 Ϫ accumulation was not apparent in this study. The soil was stored under field moisture cally significant for CM, the trend was for a decrease in k 0 with increasing soil moisture with AP and CM, condition (10% w/w) at room temperature (20-23ЊC) until used, thereby likely maintaining a high population whereas k 0 of BM increased in relation to soil moisture (Fig. 2) . The trends indicate that increasing soil moisture of nitrifying bacteria. The NH 4 ϩ -N content in the first week was closely associated with the amount of N minerslowed mineralization of AP and CM but accelerated mineralization of BM. The k 0 value for urea could not alized. For example, the urea-treated soil showed a sig-nificantly greater NH 4 ϩ -N content than the soils treated Marie and Paré , 1999; Havlin et al., 1999) . Addition of urea and CM can be expected to cause different changes with the natural organic materials at all soil moisture levels, due to the rapid hydrolysis of urea (Table 5. in soil pH. First, although urea application raises soil pH temporarily, it ultimately lowers soil pH below the Conversely, the AP-treated soil, with an initially slow mineralization rate, showed the lowest NH 4 ϩ -N content, original value (Martikainen, 1985; Mulvaney et al., 1997) . This is caused by the hydrolysis of urea, which neutralwith more than 90% of inorganic N recovered in NO 3 Ϫ form (Table 5) . Apparently the NH 4 ϩ was nitrified to izes H ϩ when releasing 2 NH 4 ϩ , but subsequent nitrification of NH 4 ϩ produces 2 H ϩ (Havlin et al., 1999) . In NO 3
Ϫ as quickly as it was mineralized. Similarly, the NO 3 Ϫ -N content in the first week was significantly higher contrast to urea, chicken manures are effective in raising soil pH because the manures generally contain high in the urea-and CM-treated soils, which mineralized a greater amount of N than AP and BM (Table 5) Ϫ -N were highest in CM (Table 2) , indicating its high ability to neutralize soil acidity. Therefore, it could be expected production in the first week was positively correlated (R 2 ϭ 0.72, P Ͻ 0.001, data not shown) with NH 4 ϩ supply that addition of CM raised soil pH, thereby stimulating the activity of nitrifying bacteria. (initial NH 4 ϩ ϩ mineralized N). Hence, high NO 3 Ϫ -N production from urea and CM can be explained in part by After Week 4, the NH 4 ϩ -N content was very low (Ͻ1.0 mg kg Ϫ1 ), whereas the NO 3 Ϫ -N content increased high rate of NH 4 ϩ formation. Increasing soil moisture from 50 to 90% WHC signifislowly in all treatments (Table 5 ). It seems that newly released NH 4 ϩ from the organic N sources was quickly cantly increased the NO 3 Ϫ -N contents in the urea-, BM-, and CM-treated soils in the first week. Low soil moisture nitrified after their N release rates slowed down. The differences in NO 3 Ϫ -N production among treatments in inhibits activity of nitrifying bacteria by reducing substrate (NH 4 ϩ ) diffusion and intracellular water potential. Weeks 4 through 12 were attributed to the differences Stark and Firestone (1995) reported that diffusional limin NH 4 ϩ released from the organic N sources. itation of substrate is the major limiting factor at greater than Ϫ0.6 MPa, but adverse physiological effects associ-
Temperature Effects on Nitrogen Release
ated with cell dehydration are more inhibiting nitrificaIn the temperature study, net cumulative N released tion at less than Ϫ0.6 MPa. Since 50% WHC is considwas significantly affected by N source, temperature, inered to be greater than Ϫ0.6 MPa for the soil used in this cubation time, and all interactions based on ANOVA study, the reduced nitrification was mainly attributed to (P Ͻ 0.05, data not shown). Increasing temperature the diffusional limitation of substrate. In addition, in enhanced N release from all N sources used in this study, the urea-and BM-treated soils increasing soil moisture but the magnitude of the response to temperature varied enhanced NH 4 ϩ formation, partly accounting for the inamong source of N and incubation time. creased NO 3 Ϫ -N production at higher soil moistures
In the control, mineralization of soil OM was en- (Malhi and McGill, 1982) . However, NO 3 Ϫ -N produchanced with increasing temperature throughout incubation in the AP-treated soil was not related to soil moistion (Fig. 1b) . The temperature coefficient, Q 10 , of apture (Table 5) . This was likely due to the slow mineralproximately 2 over the range 5 to 35ЊC, is generally ization of AP regardless of soil moisture.
accepted to describe the relationship between soil N At Week 2, continued nitrification in the N-treated mineralization and temperature (Campbell and Biedersoils was indicated by both NH 4 ϩ -N disappearance and beck, 1972; Stanford et al., 1973; Sierra, 1997 ; Kä tterer subsequent NO 3 Ϫ -N production. In the urea-treated soil, et al., 1998) . That is, a two-fold increase in mineralizaalthough the NH 4 ϩ -N contents at 70 and 90% WHC tion rate is associated with a shift of 10ЊC. In this study, were Ͻ1.0 mg kg Ϫ1 , a significantly large amount of N the mineralization kinetics was best described by a linear (12.6 mg kg Ϫ1 ) still remained as NH 4 ϩ at 50% WHC function, and the mineralization rate according to a (Table 5) . However, the cumulative amount of N rezero-order model was 0.54, 0.95, and 1.53 mg N kg Ϫ1 leased (NH 4 ϩ ϩ NO 3 Ϫ ) in the urea-treated soil did not wk Ϫ1 at 15/10, 20/15, and 25/20ЊC, respectively (Fig. 1b) . differ among soil moisture levels (Table 4) , suggesting A 10ЊC increase resulted in a threefold increase in the that nitrification was more likely to be inhibited than mineralization rate. The net amount of N mineralized urea hydrolysis at low soil moisture. The NH 4 ϩ -N conafter 12 wk was 6.4, 11.3, and 18.9 mg N kg Ϫ1 at 15/10, tents in the soils treated with the natural organic materials were very low (Ͻ1.0 mg kg Ϫ1 ) at all soil moisture 20/15, and 25/20ЊC, respectively (Table 6) , demonstrating significant increases in the pool size of mineralizable levels (Table 5) . It was particularly notable that, although urea and CM released almost equal amounts N. Increases in temperature induce a shift in the composition of microbial communities (Richards et al., 1985 ; of N, nitrification in the CM-treated soil was almost complete even at 50% WHC (Table 5 ). This suggests Carreiro and Koske, 1992) . Zogg et al. (1997) found that the shift in microbial community composition paralleled that activity of nitrifying bacteria was stimulated in the CM-treated soil. In addition to soil moisture, soil pH an increase in microbial respiration at temperatures between 5 and 25ЊC. Thus, the increase in the net mineralalso influences nitrification. Nitrification occurs over a wide range in pH (4.5-10), but the optimum pH is 8.5 ized N by high temperature was likely due to microbial communities favored at high temperature metabolizing and lowering pH decreases nitrification rate (Montagnini et al., 1989; Paavolainen and Smolander, 1997; Ste- substrates that were not utilized at lower temperatures. Temperature is clearly a factor to consider when estieralized from AP, BM, and CM by 25, 10, and 13% (10.1, 5.0, and 7.7 mg kg Ϫ1 ), respectively (Table 6 ). This mating N supplied from soil OM during the growing season.
suggests that mineralization of stable N in AP was more influenced by temperature than BM and CM. In fact, Although urea hydrolysis was somewhat suppressed at 15/10ЊC in the first 2 wk, it was significantly more net N released was significantly higher with AP than with CM at 25/20ЊC, but there was no significant differrapid (Ͼ75%) than mineralization of the natural organic materials regardless of temperature (Table 4) . Hydrolyence at lower temperatures (Table 4) . As in the soil moisture study, since the percentage N mineralized for sis of residual urea was almost complete by the end of Week 4. Inhibited urease activity (Overrein and Moe, AP and BM was less than estimated from the preliminary study, more N was mineralized from CM than from 1967; Sahrawat, 1984; Moyo et al., 1989; Lai and Tabatabai, 1992) and slow urea diffusion (Pang et al., 1977;  the other materials (Table 6 ). Figure 3 illustrates the N release kinetics of the or- Sadeghi et al., 1988) seems to retard the hydrolysis of urea at 15/10ЊC. In Weeks 4-12, there was no significant ganic N sources using a first-order model. The k 0 and N 0 values reflected the effects of temperature on N difference in cumulative N released among temperature levels. At the end of incubation, net N released ranged release discussed above. Although the differences were not statistically significant for CM, the trend was for an from 92.6 to 93.2% (Table 4 ). For the range tested in this study, temperature had a small influence on urea increase in k 0 with increasing temperature. Except for urea, N 0 increased in relation to temperature. Increases hydrolysis throughout incubation. The results were consistent with those reported by MacLean and McRae in k 0 may be explained by stimulated microbial activity or accelerated diffusion at high temperature (Nicolardot (1987) . In their soil incubation study, the rate of urea hydrolysis was proportional to temperature over the MacDonald et al., 1995; Zak et al., 1999) . As discussed earlier for soil N mineralization, increases range of 9 to 18ЊC in the first 3 d but showed no difference among temperature levels after 5 d due to rapid in N 0 may be related to a shift in the composition of microbial communities, such that the microbial commuhydrolysis of urea.
Mineralization of the natural organic materials was signities favored at high temperature have the ability to metabolize substrates that are not utilized at lower temnificantly enhanced with increasing temperature throughout the incubation period. Maximum differences in the peratures (Zogg et al., 1997) . The N sources used in this study demonstrated concumulative amount of mineralized N between temperatures 15/10 and 25/20ЊC were observed during the first trasting results in their N release patterns at different temperatures. First, increasing temperature increased 4 wk. At Week 4, the differences were 14.9, 13.0, and 17.4 mg kg Ϫ1 for AP, BM, and CM, respectively (Tanet N released from the natural organic materials, but did not affect net N released from urea. Considering ble 6). From Week 4 to 12, AP showed a relatively constant increase in cumulative N released with increastemperature is important for making appropriate N recommendations when using the natural organic materiing temperature, but BM and CM showed a limited response (Table 4) . Mineralization of BM and CM at als. For example, more N may have to be applied in a cool climatic condition because less N can be expected 25/20ЊC slowed down after Week 4, with less than 5% of organic N mineralized in Weeks 4 through 12 (Tato be released. Second, mineralization of AP responded to temperature to a greater degree than that of BM ble 4). At the end of incubation, increasing temperature from 15/10 to 25/20ЊC significantly increased net N minand CM. Similar results have been reported in previous studies. Cookson et al. (2002) reported that 22, 33, 41, suggesting that nitrification was more likely to be limited than urea hydrolysis at low temperature. Among the and 60% of the total N in clover residues was mineralized at 2, 5, 10, and 15ЊC, respectively, after 160-d incusoils treated with the natural organic materials, the BMtreated soil showed a significantly higher NH 4 ϩ -N conbation. Griffin and Honeycutt (2000) incubated soil amended with dairy, poultry, and swine manures for tent at 15/10ЊC (5.1 mg kg Ϫ1 ), whereas the AP-and CMtreated soils showed very low NH 4 ϩ -N contents at all 112 d, and found that increasing temperature from 10 to 24ЊC accelerated the mineralization rate, but did not temperature levels (Table 6 ). All formed NH 4 ϩ -N was completely nitrified in the AP-and CM-treated soils. affect the net mineralized N after 28 d. Although these results were not comparable due to different experimenAfter Week 4, the NH 4 ϩ -N content was very low (Ͻ1.0 mg kg Ϫ1 ), whereas the NO 3 Ϫ -N content increased tal conditions, our results clearly indicate that temperature effects on N mineralization vary with chemical comslowly in all treatments (Table 6 ). It seems that newly released NH 4 ϩ from the organic N sources was quickly position of N sources.
nitrified after their N release rates slowed down. Differences in NO 3 Ϫ -N production among treatments in
Temperature Effects on Nitrification
Weeks 4 through 12 were attributed to the differences Nitrification, as measured by NO 3 Ϫ -N production, ocin NH 4 ϩ released from the organic N sources. curred successively in all treatments (Table 6 ). Nitrification was significantly affected by N source, temperature,
CONCLUSIONS
and incubation time based on ANOVA (P Ͻ 0.05, data not shown).
Four organic N sources used in this study had different The ϩ -N content reand temperature influenced N availability from the ormained very low (Ͻ1.0 mg kg Ϫ1 ) throughout incubation, ganic N sources differently depending on source of N the NO 3 Ϫ -N content increased slowly with incubation and time. These interactions must be considered to detime (Table 6 ). The NO 3 Ϫ -N production was proportermine an appropriate rate and timing of fertilization tional to temperature throughout incubation (Table 6) .
for efficient use of N inputs, especially in greenhouse It is apparent that the limited NH 4 ϩ supply reduced production systems when controlling irrigation or tem-NO 3 Ϫ -N production at low temperature.
perature. Considerable nitrification occurred in all N-treated Testing both NH 4 ϩ -and NO 3 Ϫ -N is necessary to estisoils throughout incubation as a significantly higher mate N availability from the organic N sources in an ini-NO 3 Ϫ -N content was recovered compared with the contial period of growing season. At high soil moisture or trol (Table 6 ). The urea-treated soil showed the highest temperature conditions, a high concentration of NO 3 Ϫ -N NH 4 ϩ -N content at all temperature levels due to rapid accumulated in the soil immediately after urea or CM hydrolysis of urea (Table 6 ). Conversely, the AP-treated application may be a concern for nitrate leaching. soil, with an initially slow mineralization rate, showed It appears that differences in N release response to very low NH 4 ϩ -N contents ranging from 0.4 to 2.8 mg soil moisture or temperature among N sources and time kg Ϫ1 (Table 6 ). Apparently NH 4 ϩ was nitrified as quickly are related to chemical composition of the organic N as it was mineralized. The NO 3 Ϫ -N content was signifisources applied. Further research on which chemical cantly higher in the urea and CM-treated soils, which compositions are more or less responsive to the effects mineralized greater amounts of N than AP and BM of soil moisture and temperature is needed to better (Table 6 ). Increasing temperature stimulates the activity understand availability of N from organic N sources. of nitrifying bacteria with maximum nitrification occurring between 25 and 35ЊC (Justice and Smith, 1962; Kowalenko and Cameron, 1976; Malhi and McGill, 1981;  The authors express their appreciation to Gary Zehr, John Breuer et al., 2002 (Malhi and McGill, 1982) . At Week 2, continued nitrification in the N-treated (Table 6 ). However, the difference in the cumulative (Table 6 ),
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